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Abstract
The influence of graphene reinforcement in strain energy release rate (GIC) and Mode-I delamination growth in carbon-
graphene/epoxy (CG-Ep) hybrid nanocomposites have been studied using the double cantilever beam (DCB) test. The specimens 
of carbon/epoxy (C-Ep) and CG-Ep nanocomposites were manufactured using vacuum assisted manual lay-up method. DCB 
tests were conducted in a displacement controlled mode to achieve stable delamination growth under static loading. At the onset 
of delamination growth, the load (Pcr) and thHWRWDORSHQLQJGLVSODFHPHQWįcr) were recorded. The total compliance of the DCB
specimen was obtained using, & į33cr DQGįcr are recorded as a function of the delamination length (a). Plots of critical loads 
and compliances as a function of the delamination size were used in computing GIC, the Mode-I critical strain energy release rate.
The delaminated zone was studied through fractographic examinations and surface roughness measurement. The results show 
improved GIC of CG-Ep nanocomposites in comparison to traditional C-Ep composites. The fractured surface of CG-Ep shows 
undulated surface with increased roughness which possibly contributed in crack deflection mechanisms. 
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1. Introduction
Composite materials have gained significant importance in many engineering structures and industry applications 
over the last few years. Specifically, the aerospace, automotive, and maritime industries continue to utilize a wide 
variety of composite materials in a number of industrial and commercial applications. The exceptional strength to 
weight ratios presented by many advanced composite materials are desirable for industries that constantly fight to 
improve efficiency. Most prominent among these materials is carbon fiber. Carbon fiber composites have become 
important lightweight structural materials in many engineering applications. While carbon fiber presents many
outstanding physical characteristics, there always remains the possibility of improving existing material systems. To 
enhance the properties of existing composites, nanoparticles can be integrated into composite specimens.
Recently, graphene has become a promising nanofiller material for a variety of composite applications [1-2].
Graphene presents amazing physical characteristics and has been shown to be effective at improving mechanical, 
electrical and thermal properties of a number of composite materials. The performance of laminated composites is 
also significantly depends on the interlaminar fracture energy which eventually controls the delamination crack 
growth in fiber reinforced composite. Many studies have been done to analyze the performance of composites in this 
aspect [2-8]. The critical strain energy release rate (GIC) is an important material property which controls the crack 
propagation in composite structures. It has been reported that GIC of baseline epoxy is significantly enhanced by 
adding very little quantity of graphene (0.1% by weight) filler materials. Such enhancement in fracture energy in 
graphene/epoxy(G-Ep) nanocomposites shows potential to reduce delamination crack growth in traditional C/Ep 
composites provided G-Ep is used as resin materials. In fact, a three-phase composite such as CG-Ep is more 
applicable in structural load bearing components than a two phase G-Ep system.
The goal of this study is to examine the effects of graphene nanoparticles on the strain energy release rate and 
delamination growth of carbon-epoxy composites. It is expected that the significant improvements in GIC that 
graphene contributes in neat epoxy will also greatly enhance the resistance to delamination in CG-Ep samples. To 
examine the strain energy release rate of C-Ep and CG-Ep specimens, double cantilever beam (DCB) testing will be 
utilized.
2. Materials and Specimen Preparation
The materials utilized in this study included all constituents of carbon/epoxy and graphene-carbon/epoxy 
composites, namely epoxy resin, carbon fiber, and graphene nanoparticles. EPON 862 epoxy resin cured with 
EPIKURE 3234 curing agent was used as the matrix material for both C-Ep and CG-Ep samples. Unidirectional 
carbon fiber (12K, Fiberglass Developments Corp.) was also utilized in both specimen types. For CG-Ep specimens,
99.9% pure graphene nanopowder with an average thickness of 8nm (20-30 graphene layers) was integrated into 
epoxy matrix.
Prior to fiber layup, graphene/epoxy matrix was prepared following a method outlined in Figure 1. Steps 
included in this process are: (a) - graphene nanopowder combined with acetone via mechanical mixing; (b) -
graphene-acetone solution sonicated via VXC 750 model tip sonicator for 30 minutes; (c) - epoxy resin combined 
with graphene-acetone solution via mechanical mixing; (d) - graphene-epoxy-acetone solution sonicated for 60 
minutes; (e) - graphene-epoxy-acetone solution subjected to constant heating (60°C) and constant magnetic stirring 
until acetone is removed from solution; (f) - curing agent combined with graphene-epoxy solution and mixed via 
high shear mixing (Thinky ARE-310 mixer) for 2 minutes; (g) - graphene-epoxy solution poured onto glass mold 
and allowed to cure for 24 hours at room temperature.
Finished carbon fiber reinforced composite panels were fabricated via a manual layup method. Carbon fiber
fabric was cut to desired dimensions (30.5cm by 30.5cm) and layered to attain the desired specimen thickness 
(3.81mm). A manual layup approach was chosen to minimize filtration effects common to resin infusion techniques 
and to maximize dispersion of graphene nanoparticles throughout the specimen. Matrix material for each specimen 
type was manually applied to each layer of carbon fiber fabric (10 layers). To develop initial crack for DCB testing 
samples, a Teflon-coated release film layer was inserted between layers 5 and 6 for each panel. Once manual layup 
was complete, panels were covered and subjected to vacuum and positive pressure throughout the 24 hour curing 
process. Panels under vacuum pressure and completed panels are shown in Figure 2.
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Fig. 1. Graphene-epoxy dispersion process.
a              b
Fig. 2. (a) Panels curing under vacuum pressure; (b) Fabricated carbon fiber panels with specimen outlines.
Each panel was cut to produce 10 DCB specimens, with each specimen having dimensions of 20.32cm by 
2.54cm by 0.381cm. To prepare individual DCB specimens, piano hinges were attached to the end of each specimen 
with industrial adhesive under clamping pressure. The sides of each specimen were marked to ensure precise 
tracking of crack growth under testing conditions.
3. Testing Method
As outlined earlier, double cantilever beam (DCB) testing was carried out for both C-Ep and CG-Ep specimens. 
DCB testing is a well known test procedure and has been utilized in many academic studies [9]. DCB tests consist of
applying tensile load on each side of a single sample with some initial crack length(a) as shown in Figure 3.. The 
general test set-up and crack opening displacement (COD) of a DCB specimen is shown in Figure 4. DCB tests were 
conducted under displacement-controlled conditions using an electromechanical testing machine (QTEST/25 
manufactured by MTS Systems Corp.) with constant cross head speed of 5.0 mm/minute to achieve stable 
delamination growth. DCB tests were carried out in accordance with specifications outlined in ASTM D5528 [10].
DCB tests produced load-displacement curves vital to the calculation of critical strain energy release rate, GIC,
via the compliance, C, of each specimen. At the onset of delamination growth, the load and total opening 
displacement, Pcr DQG įcr respectively, were recorded and used to calculate the compliance for that initial crack 
length using Equation 1.
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Fig. 3. Double cantilever beam loading.
Static DCB testing was conducted for several initial crack lengths, and compliance for each test data was 
recorded and compiled as a function of initial crack length. Using critical load and compliance as a function of 
initial crack length, along with specimen width (w), critical strain energy release rate can be calculated using 
Equation 2.
ܩூ஼ = ௉೎ೝ
మ (ௗ஼ ௗ௔Τ )
ଶ௪
(2)
a             b
Fig. 4. DCB testing setup before (a) and during (b) loading of DCB specimens.
4. Results and Discussion
Static DCB testing was run for a number of initial crack lengths for both carbon-epoxy and 0.1% weight 
percentage carbon-graphene/epoxy specimens. Results were recorded and compiled for use in calculating the strain 
energy release rate of each sample type. The load vs. crack opening displacement chart for C-Ep specimen with 
various initial crack length is shown in Figure 5 as a reference. Similar plots were also generated for CG-Ep 
specimen. Samples were gradually loaded until the critical load limit was reached, then unloaded. This loading 
cycle was repeated for each initial crack length to produce a reliable delamination profile for each DCB specimen.
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Fig. 5. Load vs. Displacement Plot for Static DCB Testing for C-Ep
The results of the DCB testing were quite promising. Data recorded during testing was plotted and a curve fit 
was applied to the relevant data points. These curve fits were substituted into Equation 2 to obtain strain energy 
release rate for each specimen type. Compliance vs. initial delamination and critical load vs. initial delamination 
length plots for C-Ep and C-G/Ep specimens are shown in Figure 6 . It is seen that compliance increases and critical 
load decreases with increased delamination length. 
a             b
c             d
Fig. 6. (a) Compliance vs. Initial Delamination Length and (b) Critical Load vs. Initial Delamination Length for C-Ep DCB
and (c) Compliance vs. Initial Delamination Length and (d) Critical Load vs. Initial Delamination Length for C-G/Ep DCB
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Table 1. Strain Energy Release Rate 
Specimen Type GIC Percent Difference
[-] [J/m2] [%]
Carbon-Epoxy 137.36 -
Carbon-Graphene/Epoxy 148.76 8.30
From experimental data, strain energy release rate of CG-Ep was calculated to be 148.76 J/m2, compared to the 
same as 137.36 J/m2 in conventional C-Ep specimens as shown in Table 1. Overall, this results show an 
improvement (8.3%) in strain energy release rate over that of conventional C-Ep specimens.  Such results are 
comparable with GIC value, 102.6 J/m2 determined for carbon/epoxy (T300/5208) composites using a DCB specimen 
[4]. The discrepancy in this case is mostly due to different types of carbon fiber and epoxy resin used in T300/5208 
system.
Conclusion
The critical strain energy release rate, GIC, of graphene reinforced three phase carbon/epoxy hybrid composites 
has been evaluated using DCB specimen. The results show an increased GIC in CG-Ep composites in comparison to 
conventional C-Ep composites. It is to be noted that a significant  improvement(125%) in GIC is reported for two 
phase graphene/epoxy (G-Ep) system [2] but such  improvement  is not observed in graphene reinforced three phase 
CG-Ep hybrid composites. Microscopic examinations show presence of graphene agglomeration in the system. It
may be further enhanced adopting a more effective graphene dispersion method. Future work is focussed in 
dispersion of graphene in acetone through sonication and spraying acetone/graphene solution on each layer carbon 
fiber. It might provide uniformly dispersed exfoliated graphene in each fiber layer. Theoretical analysis for 
predicting critical strain energy release rate in CG-Ep, DCB specimen is in progress using analytical and finite 
element method for further understanding of mode-1 delamination crack growth in laminated composites. 
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